Abstract Land surface states play important roles in the turbulent exchanges between ecosystems and their overlying atmosphere. Field methods to estimate turbulent fluxes have time-variable source areas, while land surface observations are typically obtained at single plots with a smaller measurement scale. In this study, we characterize land-atmosphere interactions in two semiarid ecosystems in the southwestern U.S. At each study site, we combine the eddy covariance method with a distributed network of soil moisture and temperature sensors, high-resolution imagery of the spatial distribution of vegetation and soil patches, and novel spatiotemporal analyses to characterize the turbulent flux footprint analytically and identify the soil moisture, temperature, and vegetation conditions underlying the eddy covariance measurements. Four methods for aggregating the land surface observations to the scale of the daily flux footprint are tested. Our results reveal a large degree of spatial variability in the footprint, with stronger variations in soil moisture than in soil temperature. Single plot measurements are less reliable than the distributed network in capturing footprint conditions, particularly for soil moisture. Furthermore, a marked improvement is observed in the relations between turbulent fluxes and land surface states for methods capturing the footprint variability. We also identify that the composition of vegetation and soil patches in the time-variable source area affects the relative magnitudes of the turbulent fluxes and the partitioning of evapotranspiration. Our study points to the importance of monitoring the spatial distribution of land surface states (e.g., soil moisture and temperature) and vegetation and soil patches when assessing land-atmosphere interactions.
Introduction
Land-atmosphere interactions mediate the exchanges of momentum, heat, water, and gases between ecosystems and their overlying atmosphere. The conditions of the land surface in terms of its soil water content and temperature play important roles in these exchanges over a wide range of climate settings [e.g., Blanken et al., 2001; Detto et al., 2006; Williams and Albertson, 2004; Alfieri et al., 2007; Baldocchi, 2008] . Nevertheless, relations between turbulent fluxes and land surface states are typically assessed using measurements at disparate spatial scales. For example, various field methods to estimate evapotranspiration have time-variable source areas [e.g., Schmid, 2002; Evett et al., 2012] , while the soil moisture observations related to water vapor fluxes are made at single plots whose measurement scale is much smaller [e.g., Running et al., 1999; Kurc and Small, 2007; Vivoni et al., 2008a] . Furthermore, measurement methods used for turbulent fluxes, such as the eddy covariance (EC) technique, aggregate these fluxes within their source areas to obtain spatially averaged exchanges [Baldocchi et al., 1988; Marcolla and Cescatti, 2005; Detto et al., 2006; Li et al., 2008] . In theory, aggregated fluxes should be compared to the ''effective'' or spatially averaged conditions within the source area, but in practice the spatial variability of these conditions is often ignored.
in other arid and semiarid ecosystems as these are characterized by vegetated and bare soil patches of varying size [e.g., Scholes and Archer, 1997; Huxman et al., 2005] . For instance, Detto et al. [2006] quantified how the spatial distribution of woody vegetation and bare soil patches in a semiarid savanna of Sardinia, Italy, affected EC measurements. The authors identified that the fraction of bare soil in the 50% source area had important implications on kET, in particular for a 2 month dry period. Alfieri and Blanken [2012] and Detto et al. [2006] show that common assumptions on spatial variability need to be carefully inspected when linking EC measurements to land surface states. While spatial variability has been inferred from coarse remote sensing data [e.g., Gockede et al., 2004; Gelybo et al., 2013] , few studies to date have utilized ground-based observations to characterize the land surface conditions in the turbulent flux footprint.
The patchiness of arid and semiarid ecosystems is further complicated by the dynamic nature of plant communities. For example, woody plant encroachment is a phenomenon in the southwestern U.S. and elsewhere [e.g., Burrows et al., 1990; Van Auken, 2000; Archer et al., 2001; Silva et al., 2001; Huenneke et al., 2002; Huxman et al., 2005; Browning et al., 2008] in which a conversion occurs from desert grasslands to alternate ecosystem states, such as savannas or shrublands, dominated by trees or shrubs. In these systems, spatial patterns of grasses, woody plants, and bare soil patches evolve over time (seasons to decades) from the interactions between climate, terrain, and soil effects on water availability, as well as resource competition, herbivory, and fire [D'Odorico et al., 2012] . In addition, seasonal to interannual variations in the phenology of individual species in a plant community can have important consequences on resource availability [Reynolds et al., 1999; Chesson et al., 2004; Ogle and Reynolds, 2004] . Furthermore, the proportion of bare soil will vary in time as a function of the life and phenological stages of competing plants, in particular for herbaceous species with a rapid response to water availability.
For ecosystems in the Sonoran and Chihuahuan Deserts, vegetation phenology is strongly linked to precipitation during the summer months (July-September) associated with the North American monsoon. In response to available water, plant communities generally increase their net primary productivity and as a consequence their contribution to the evapotranspiration (ET) from the ecosystem. Various methods have been applied to quantify the contributions of plant transpiration (T) and soil evaporation (E) to the total ecosystem ET, including stable isotope techniques Y epez et al., 2007] , empirical methods using soil, plant, and meteorological data [Scott et al., 2006; Moran et al., 2009] , and modeling approaches [Vivoni, 2012; M endez-Barroso et al., 2014] . Nevertheless, challenges exist in characterizing the bare soil and vegetation contributions to evapotranspiration in arid and semiarid ecosystems. Given the spatial variability in the time-variable source area [e.g., Detto et al., 2006; Vivoni et al., 2010; Alfieri and Blanken, 2012] , it is important to quantify how ET partitioning is linked to land surface conditions at a similar spatial averaging scale as the direct EC measurements.
In this study, we characterize the relation between turbulent fluxes and the land surface states within the timevariable source area in two semiarid ecosystems that are representative of the Sonoran and Chihuahuan Deserts. Both ecosystems have undergone the process of woody plant encroachment and consist of assemblages of tree or shrub patches, herbaceous cover and bare soil. At each study site, we combine turbulent flux measurements from the EC technique with (1) a distributed sampling network of soil moisture and temperature sensor profiles in the EC source area, (2) high-resolution imagery characterizing the distribution of vegetation and soil patches, (3) an empirical ET partitioning method of Moran et al. [2009] , and (4) spatiotemporal analyses to characterize the turbulent flux footprint and its land surface states. We aim to answer the following: How do soil moisture and soil temperature conditions vary within the source area of EC measurements?, Can evapotranspiration components within the flux footprint be related to the land surface conditions? and Does accounting for spatiotemporal variations of land surface states impact their relations with turbulent fluxes? Since this cross-site comparison integrates a number of data sets, we focus attention on quantifying landatmosphere interactions from May to September 2013, spanning a monsoon season, by aggregating the flux footprint and land surface states for daytime conditions. While limited to two semiarid areas, this effort has implications for a wide range of ecosystems where turbulent fluxes need to be linked to land surface states.
Mexico, in the Chihuahuan Desert ( Figure 1A ). Both rangeland sites have undergone a shift from semiarid grasslands to savannas or shrublands as part of the regional phenomenon of woody plant encroachment in the southwestern U.S. [Van Auken, 2000] . The sites were selected based on the availability of long-term data from the U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS) used to study the woody plant encroachment process since 1903 (SRER) and 1911 (JER). More recently, Templeton et al. [2014] and Pierini et al. [2014] established eddy covariance towers in representative ecosystems of each rangeland (Figure 1B) , along with a watershed instrumentation network.
Climate characteristics at the two study sites vary in accordance with their respective locations. Table 1 presents the monthly precipitation (P) and air temperature (T a ) obtained from long-term data sets at each site from May to September. SRER has hotter conditions due to its lower elevation (1170 m as compared to 1470 m at JER), while both sites exhibit most precipitation during the North American monsoon. Mean annual precipitation varies from 369 to 280 mm/yr at SRER and JER, with 55 and 51% occurring during the monsoon, in agreement with prior studies [Douglas et al., 1993; Vivoni et al., 2008a] . Climate conditions during May and June, prior to the monsoon, are hot and dry. In the study period, SRER received precipitation similar to the long-term average, while summer 2013 was wetter than average at JER, in particular for September. It is important to keep these comparisons in mind when inspecting the soil hydrologic conditions and land surface fluxes at the two sites during the study period.
Vegetation and Soil Characteristics
Vegetation at the study sites was characterized through high-resolution aerial imagery ( Figures 1E and 1F ) available from a light detection and ranging flight at SRER and an unmanned aerial vehicle flight at JER. Each orthoimage was aggregated to a matching 50 cm resolution and used to derive a vegetation map guided by identification of plant species [Anderson, 2013] . As shown in Figure 2, cover, while SRER is primarily composed of velvet mesquite trees and grass species. As a result, vegetation patches tend to be larger and more organized at SRER, while JER is composed of smaller shrub patches that are more randomly distributed around the EC tower. This contrast in the spatial arrangement of plant and bare soil patches persists during the study period as vegetation green-up has little impact on cover amounts due the lack of annual grasses and forbs.
The soils at the study sites were characterized at the distributed sampling plots shown in Figures 1E and 1F for depth ranges of 0-7, 7-17, and 17-27 cm using a split-tube corer. Particle size analysis was conducted to provide estimates of the gravimetric contents of gravel (three sizes), sand (five sizes), silt, clay, and the Figures 1E and 1F) , along with locations of soil moisture and temperature probe profiles and the 50% source areas of the EC towers for summer 2013 at SRER (left) and JER (right). At SRER, grass includes bush muhly (Muhlenbergia porteri), Lehmann lovegrass (Eragrostis lehmanniana), Santa Rita threeawn (Aristida glabrata), and Rothrock grama (Bouteloua rothrockii), while mesquite refers to velvet mesquite trees (Prosopis velutina Woot.) and prickly pear (Opuntia engelmannii) is a cactus. At JER, grass includes bush muhly, tobosa grass (Pleuraphis mutica), and dropseed (Sporobolus sp.) and other shrubs includes mariola (Parthenium incanum), tarbush (Flourensia cernua), and snakeweed (Gutierrezia sarothrae), while mesquite refers to honey mesquite shrubs. Bare soil is denoted as ''Bare.'' a Long-term monthly average P and air temperature (T a ) are shown for comparison. TOT represents the total (P, ET, T, and E) or aver- 
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ANDERSON AND VIVONI LAND-ATMOSPHERE COUPLING ACCOUNTING FOR FOOTPRINT CONDITIONSbulk density (entire sample and without gravels). Anderson [2013] reports on the detailed findings of the soil texture analysis. At SRER, the site is composed of loamy sand and sandy loam, while the soils at JER have a higher percentage of gravels and a texture that varies from sandy loam to silt loam due to a higher clay fraction.
Eddy Covariance Measurements and Distributed Sampling Network
An eddy covariance tower was installed at each site prior to this study to measure precipitation, meteorological variables, radiation components, and surface energy fluxes, as described in Pierini et al. [2014] and Templeton et al. [2014] . Measured turbulent fluxes were obtained using an open-path Infrared Gas Analyzer (LI7500, LI-COR) and three-dimensional wind velocity at 7 m (CSAT3, Campbell Sci.) aligned to the dominant wind direction toward the southwest at each site, sampled at a 20 Hz frequency and processed at 30 min intervals using EdiRE [Clement, 1999] . Other measurements were recorded as 30 min averages, including surface temperature at 1.5 m height (SI-111 Infrared Radiometer, Apogee), which has a small footprint area of 0.3 m 2 with primarily a bare soil cover, with some overlapping plant species. Using EdiRE, standard corrections were performed following Scott et al. [2004] , including the removal of signal lags and outliers (greater than 64 standard deviations from the mean) of gas concentrations [Massman, 2001] ; rotating the coordinate frame to set the mean vertical wind speed to zero during each 30 min interval [Wilczak et al., 2001] ; and corrections for density fluctuations [Webb et al., 1980] . We then applied a set of additional filters for periods with precipitation (>1 mm/30 min) and when friction velocity <0.15 m/s. Linear interpolation was used to fill gaps (<2 h) resulting from the quality-control procedures.
EC measurements were utilized to estimate the flux footprint using the analytical model of Kormann and Meixner [2001] for an area of 600 3 600 m at 3 m resolution centered at each tower. The flux footprint was estimated at 30 min intervals during turbulent daytime conditions by setting a minimum H > 2 W/m 2 , a friction velocity >0.03 m/s, and a stability parameter within 630 and averaged from sunrise to sunset. Design of the distributed sampling network was based on summer season footprint estimates prior to the deployment [Anderson, 2013] using the 50% source area (Figure 2 ). The 50% cutoff was selected due to constraints in the extent of the vegetation classification and practical limitations related to the installation of a distributed sampling network. A fetch analysis, defined as the maximum distance between the EC tower and source area extent, demonstrated that the 50% contour line is contained within the vegetation map 100 and 95% of the time at SRER and JER. A sensitivity analysis for much larger source areas revealed that the flux footprint exceeded the vegetation map during an unacceptable number of times. Nevertheless, comparison of the vegetation composition in the seasonally averaged footprints (30-80%) showed lower sensitivity at both sites among the footprints as compared to the surrounding landscape (Table 2 ). In addition, the uncertainty present in the daily cover estimates due to the selection of the source area threshold was low (0.5-4% at SRER and 0.9 and 1.3% at JER for the comparison between the 50 and 80% source areas). In the rare instances when the 50% contour extended beyond the vegetation map at JER, we assumed that the missing areas had a vegetation composition equal those in the entire image. In principle, the approach conducted here could be carried out with larger source areas (e.g., 80 and 90%), if land cover data is sufficiently extensive and the distributed network is designed to match the larger source area extent, two limitations of the present study. Based on the summer season footprints, we installed a distributed sampling network to capture the spatial variability of soil moisture and temperature conditions around the EC tower. The 50% source areas provided the spatial extents (120 m in N-S direction and 90 m in E-W direction) from which we selected a 5 3 4 grid pattern at 30 m spacing as the most efficient sampling approach given logistical and cost constraints. Four north-south transects consisting of five profiles were utilized ( Figures 1E and 1F ) with each consisting of three soil dielectric sensors (Hydra Probe, Stevens Water) at 5, 15, and 30 cm depths ( Figure 1D ). Sensors measure the impedance of an electric signal through a 40.3 cm 3 soil volume [Campbell, 1990] [Seyfried et al., 2005] and corrected using relations established through gravimetric soil sampling at each study site [Anderson, 2013] . To match the flux footprint estimates, we averaged 30 min data over the daylight hours (6:00 A.M.27:30 P.M.) for summer 2013. Depth averaging was performed over the intervals of 0-10, 0-20, and 0-40 cm using appropriate weighting of each sensor.
Spatiotemporal Analysis Techniques and Land-Atmosphere Relationships
Measurements from the distributed sampling network formed the basis for characterizing soil moisture and temperature at each site. Basic statistical analyses were performed to obtain the daily spatial average and standard deviations across the 20 profiles at each depth (5, 15, and 30 cm) and for depth averages (0-10, 0-20, and 0-40 cm). Temporal averages and standard deviations were also obtained using daytime measurements. Data gaps related to sensor malfunction (5% of sensors in any day) were not included in the averaging [Anderson, 2013] . Based on this information, four methods were utilized to represent the land surface conditions. To depict standard practices in land-atmosphere studies [e.g., Baldocchi et al., 1988; Running et al., 1999] , we selected the nearest profile to the EC tower (labeled ''Near''). Daily spatial (arithmetic) averages of the twenty profiles (''Mean'') provided a simple alternative to represent the conditions around the EC tower. Spatial interpolation of the twenty profiles using kriging [e.g., Delhomme, 1978] was performed to sample soil moisture and temperature in the daily flux footprint (''Footprint''). In this approach, the spatially interpolated field is weighted according to the 3 m pixel contributions in the 50% source area, with analyses for other source areas exhibiting small differences (i. were related to the land surface conditions (u and T s ) represented by each of the four methods using linear regressions. We used the quality-controlled H and ET measurements as directly obtained from the EC method and did not apply an energy balance correction, such as residual-LE closure [Twine et al., 2000] , which is justified by the open, heterogeneous vegetation cover where errors in the available energy can be significant [Lloyd et al., 1997] . Relations between turbulent fluxes and land surface conditions were analyzed for two subsets during summer 2013-premonsoon and monsoon-determined based upon the arrival of storm events. To interpret relations between turbulent fluxes and land surface states, we applied regressions (i.e., ET 5 f(u) as piecewise linear, H 5 f(T s ) as linear functions) based upon commonly assumed functions in hydrologic models [e.g., Laio et al., 2001; Ivanov et al., 2004] and ignored other contributing factors (e.g., vapor pressure deficit and air temperature). Due to the lack of direct measures of ET partitioning at the two sites, we adopted the approach of Moran et al. [2009] to provide a daily estimate of E/ET and T/ET using depth-averaged soil moisture and surface temperature (T sur ) data. An improvement to the approach was applied by using soil moisture in the daily flux footprint rather than a single plot. Since the method ignores evaporation of intercepted water, rainy days (>5 mm) and its following day were excluded. A Student's t test [Montgomery et al., 2006] and a linear regression were used to test controls on the turbulent fluxes or ET partitioning for different vegetation compositions in the footprints. Averaged over time, wetter surface soils are present at JER (7.37%) as compared to SRER (3.10%) in response to the above-average rainfall at JER (Table 1) , though soil temperatures are similar (30.998C at SRER and 31.358C at JER). Days between rainfall events exhibit a progressive decrease in u and an increase in T s , as well as changes in the spatial variability (61 standard deviation) in the distributed network. As a result, these days exhibit reductions in kET and increases in H (i.e., progressively higher B) in response to the land surface conditions, following the behavior reported by Templeton et al. [2014] and Pierini et al. [2014] .
To explore the spatial variability, Figure 4 shows representations of the temporal coefficient of variation (CV, or ratio of temporal standard deviation to mean) of u and T s measured during daytime hours. Here, each symbol represents a particular sampling plot and depth (from left to right as 5, 15, and 30 cm) and depicts CV with different sizes. The maps show that variations in the CV of u and T s occur in short distances around the EC towers in response to factors such as soil conditions and proximity to plant canopies. Overall, higher relative temporal variability is observed for soil moisture (CV from 0 to 4.0) than soil temperature (CV from 0 to 1.0) at both sites. In most cases, the CV of u and T s are muted for the progressively deeper sensors that are more isolated from rainfall and solar radiation forcing. Interestingly, the spatial standard deviation (Figure 3 ) is higher at JER (7.66% for u and 7.218C for T s ) than at SRER (3.60% for u and 5.278C for T s ), indicating the presence of more varied land surface conditions at JER. This corresponds to a larger variation in space of the temporal CV at JER (Figure 4) , likely due to the smaller size of bare soil and shrub patches and their more random distribution.
The large spatial variability around the EC towers suggests that single u and T s sites might be inappropriate to characterize land surface conditions. To address this, we first utilize time-stability analysis to determine which sampling plots represent best the spatially averaged conditions. As an example, Figure 5 presents the mean relative difference (%) of depth-averaged (0-10 cm) u and T s at SRER and JER. Mean values at the 20 sampling plots are ranked and shown with error bars depicting 61 standard deviation of the relative difference [Grayson and Western, 1998 ]. We modified the standard approach so that differences were calculated relative to the spatial average weighted by the footprint. Sampling plots with a mean relative 
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difference close to zero and a small standard deviation were selected as plots that monitor well the footprint (''Monitor''). Figure 5 shows how the relative differences of u with respect to the footprint average (2100 to 1300%) are much larger than for T s (26 to 15%) at both sites, indicating that u exhibits a larger variability than T s . Since relative differences are dampened with depth, it is likely that soil and vegetation factors affect the spatial variability of surface conditions to a greater extent than in deeper soils. The lower spatiotemporal variability in T s also leads to a more consistent selection of ''Monitor'' plots as compared to u where the selection varied with depth. Temporal coefficient of variation (CV, dimensionless) of soil moisture (u) and soil temperature (T s ) at three depths at SRER (top) and JER (bottom) over the 2013 study period (1 May to 30 September). The magnitudes of CV (ratio of temporal standard deviation to temporal mean) are indicated by the size of the white squares, with the same legend used for both sites in each variable. Each set of three squares represents sensors located at 5, 15, and 30 cm depths, arranged from left to right and collocated at the center square. An offset is used here for clarity.
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Based on the time-stability analysis, Figure 6 compares measurements of depth-averaged u and T s at the ''Near'' and ''Monitor'' plots to the spatially interpolated average conditions in the daily flux footprint (''Footprint''). Each symbol in the scatterplots depicts a daytime average in the study period. Clearly, the ''Monitor'' plots are superior to measurements taken near the EC towers (plots 8 and 13 at SRER and JER) in representing land surface states in the time-varying footprint. Furthermore, the larger spatial variability in u as compared to T s results in ''Near'' measurements that are substantially less reliable in capturing the footprint average. This implies that the selection of single representative plots near EC towers is more critical for soil moisture in these two ecosystems, consistent with analyses from Loescher et al. [2014] for a large number of ecosystems.
For the relatively open savanna at SRER and mixed shrubland at JER, soil and vegetation differences in the distributed network lead to spatial variations in soil moisture that attenuate with soil depth. Limited shading results in less spatial variations in soil temperature such that locations near the EC towers provide an adequate depiction of the footprint average.
Footprint Characterization and Evapotranspiration Partitioning
The daily flux footprint varies in time according to the wind direction and speed [e.g., Hsieh et al., 2000; Kormann and Meixner, 2001] and thus captures different soil and vegetation conditions in a heterogeneous landscape. This interaction can be quantified using the high-resolution vegetation maps since the spatial variation of vegetation was substantially higher than soil differences in the distributed network [Anderson, 2013] . Figure 7 depicts the vegetation cover percentage in each daily flux footprint during the study period and a comparison of two dates (18 and 30 July at SRER) for illustrative purposes. Note that the day-to-day variability in the vegetation composition within the footprint is larger at SRER than JER, primarily due to the presence of a large grass area to the north of the EC tower. When the daily flux footprint is focused toward the north (e.g., 18 July), a relatively high grass cover (73.0%) and low velvet mesquite coverage (14.2%) is observed. Contrast this with the typical southerly footprint (e.g., 30 July), which features lower grass (56.6%) and higher velvet mesquite (28.6%) cover. As compared to the surrounding landscape (Table 2) , the seasonaverage footprint conditions at SRER have substantially larger fractions of grass cover in the 50% source area, while the JER has a larger proportion of creosote bush and honey mesquite instead of other shrubs. Nevertheless, the day-to-day variability in vegetation composition in the 50% source area (indicated by minimum and maximum values) spans well the conditions found in the seasonally averaged footprints for smaller (30%) and larger (80%) source areas (Table 2 ). 
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As the daily flux footprint changes with time, contributions from the soil evaporation and plant transpiration are expected to vary. Underlying the ET partitioning method of Moran et al. [2009] is the assumption that daily ET is primarily composed of transpiration during periods with large changes in surface temperature and that soil water content increases transpiration. Figure 8 presents the daily ET, T and E for premonsoon (up to 30 June at SRER and 22 July at JER) and monsoon (up to 20 September at SRER and 30 September at JER) periods. The premonsoon period is generally dry, with low ET that is composed primarily of T at SRER, where mesquite trees have fully greened by this time period , and by E at JER, where the mixed shrubland has species with a phenological cycle tied to the monsoon [Templeton et al., 2014] . As a result, T/ET is substantially larger in May and June at SRER than JER (Table 1) . During the Monsoon period, both sites exhibit increases in ET (8 and 2 mm/d at SRER and JER) with a large transpiration component after significant rainfall events (>20 mm/d) that reach deeper soil layers, whereas small events (<10 mm/d) lead mainly to soil evaporation. Interesting switches occur in the relative magnitudes of T and E depending the sequence of precipitation Figure 7A depict days (18 and 30 July) for which the daily flux footprint (50% source area) is shown in Figure 7C for the SRER vegetation distribution. The 50% source area varies from 14,634 m 2 (18 July) to 7308 m 2 (30 July), while the maximum fetch distance varies from 120 m (18 July) to 62 m (30 July). Both dates in Figure 7C were selected so that the footprint-average soil moisture was approximately the same at u 5 0. events and their characteristics. Overall, SRER had a larger evapotranspiration amount (ET/P 5 55.0%) as compared to JER (ET/P 5 21.7%), but a smaller T/ET ratio (59.3 and 68.1% at SRER and JER) during the monsoon period. Thus, while SRER uses available soil water more efficiently (higher ET/P) during the summer season than JER, a smaller proportion goes into transpiration, likely due to a larger number of small (<10 mm/d) rainfall events.
Land-Atmosphere Interactions Within Daily Flux Footprint
Monthly and seasonal values of evapotranspiration and its partitioning depend on the daily flux footprint within which contributions of soil and plant patches vary substantially. For instance, the two days shown in Figure 7 (18 and 30 July at SRER) exhibited varying ET (1.4 and 1.7 mm/d) and T/ET (75 and 50%), despite similar footprintaveraged soil moisture. Thus, while our T/ET estimates are consistent with prior studies in the region [e.g., Dugas et al., 1996; Reynolds et al., 2000; Scott et al., 2006; Y epez et al., 2007; M endez-Barroso et al., 2014] , a closer inspection is warranted of the controls exerted by vegetation composition. We assessed if explanatory relations exist for T/ET and EF by testing the mean differences of two populations of vegetation cover using a Student's t test, with P < 0.1 indicating a significant relation. The low and high subsets are selected using a certain percentile (i.e., 20, 25, 33, and 40%) of the minimum and maximum cover values. Table 3 presents the results for the monsoon period and for all vegetation cover types for the 20 and 40% percentiles (see Anderson [2013] for the premonsoon period and other percentiles). In addition, we tested if a linear regression slope to the entire data was different from zero at the 0.05 significance level (bolded in Table 3 ).
Vegetation composition in the daily flux footprint has an important impact on ET partitioning for a selected number of conditions. At SRER, a higher T/ET occurs for a higher grass cover (P 5 0.06 for the 25% percentile), corresponding to a lower mesquite cover (P 5 0.007). The effect of mesquite cover is also significant for other percentiles (Table 3) , though these effects do not hold over the entire range of values as shown through the linear regression test. As a result, when the daily flux footprint is oriented toward the north where a large grass patch is present, a higher T/ET occurs. Nevertheless, EF decreases with grass cover (P 5 0.093, Table 3 ). This indicates that large patches of grass and mesquite have measurable impacts on the measured ET and its partitioning at the SRER. At JER, the random distribution of small plants and the higher bare soil fraction lead to different outcomes. T/ET increases with mesquite (P 5 0.095) cover and decreases with cover of other shrubs (P 5 0.001) for a number of percentiles (Table 3) . Thus, a trade-off occurs as the footprint changes in composition with mesquite leading to higher T/ET, and other shrubs and creosote lowering T/ET. Table 3 also indicate significant increases in EF as bare soil (P 5 0.003) and mesquite (P 5 0.017) occupy larger fractions, as substantiated by regression slopes significantly different from zero at the 0.05 level. In contrast, higher grass, creosote, and other shrubs cover decrease EF significantly. As a result, a higher presence of mesquite shrubs increases total ET and T/ET, while other vegetation decreases ET.
We now turn attention to the linkages between land surface states (u and T s ) and turbulent fluxes (ET and H). Figures 9 and 10 present daytime relations of ET 5 f(u) and H 5 f(T s ) obtained for the entire study period, Table 4 presents regression parameters over all depth averages, while Figures 9 and 10 depict selected values (0-20 cm u and 0-10 cm T s ). Typically, the coefficient of determination (R 2 ) improves for ET 5 f(u) for larger depth averages (i.e., deeper soil moisture has a stronger control on ET), whereas R 2 decreases for H 5 f(T s ) for larger soil depth averages (i.e., H is more closely linked to surface T s ). Furthermore, a marked improvement is observed between the cases that capture the variability in the daily flux footprint (''Monitor,'' ''Mean,'' ''Footprint'') as compared to the use of a single plot (''Near''). This indicates that capturing the spatial variability of u and T s is critical for relating land surface conditions to turbulent fluxes. In addition, the improvement in R 2 achieved when capturing conditions around the EC tower is larger for u than T s , consistent with the time-stability analysis. While differences in ''Monitor,'' ''Mean,'' and ''Footprint'' are small, the ''Footprint'' approach has better ET 5 f(u) and H 5 f(T s ) relations at JER since the spatial variability in u and T s is higher than at SRER (i.e., improvement in R 2 using ''Footprint'' as compared to ''Near'' is larger at JER). A comparison of the relations of turbulent fluxes and land surface states in the semiarid ecosystems is also instructive. Overall, turbulent fluxes in the SRER savanna are more sensitive to changes in the land surface states, as indicated by the slope (m), with more pronounced increases in ET (0 to 3.5 mm/d) at smaller values of u (0 to 10%, Figure 9 ) and a larger range of H (30-250 W/m 2 ) within the variations of T s (25-388C, Figure 10 ), as compared to JER. This is linked to the two main differences between the study sites, namely that: (1) SRER had summer conditions similar to the long-term average and (2) its vegetation consisted of large, homogeneous patches. First, the near-average precipitation at SRER led to a drier and hotter land surface state relative to JER. As a result, storm events significantly moistened and cooled the surface, leading to a stronger connection with the turbulent fluxes (i.e., a larger sensitivity of ET and H to u and T s ). The mixed shrubland at JER, on the other hand, had above-average rainfall, such that the land surface was wetter and cooler than average. This led to a looser coupling of turbulent fluxes with land surface states (i.e., less sensitivity of ET to u as other factors played a role). Second, the larger, homogeneous plant patches at SRER implied that variations in the size and location of the daily flux footprint mattered more substantially than at JER. This occurs despite that SRER had smaller spatial variations in land surface conditions since the vegetation classes (i.e., grass versus mesquite) have substantially different behaviors. In contrast, the higher spatial variability at JER under the above-average precipitation occurs in a more random pattern around the EC tower with no preferential directions due to the smaller plant and bare soil patches, leading to a lower sensitivity of turbulent fluxes to the land surface patterns.
Summary and Conclusions
Modern techniques for assessing relations between turbulent fluxes and land surface states rely on measurements obtained at disparate spatial scales. While this may be a reasonable assumption in some settings, water-limited ecosystems exhibit heterogeneities in vegetation and soil cover that preclude this simple treatment. In this study, we used data sets from two semiarid ecosystems to quantify the spatial variability in soil moisture and temperature in the daily flux footprint derived from an analytical model. The cross-site comparison was used to determine how land-atmospheric coupling varied with the differences in the land surface state conditions and vegetation composition at each site. To our knowledge, this is the first systematic attempt to quantify how the spatiotemporal variability of land surface states impact turbulent fluxes in the eddy covariance source area. The conclusions of the study can be summarized as:
1. The spatiotemporal variability of h and T s in the daily flux footprint was substantial in both ecosystems. However, the random distribution of smaller soil and shrub patches at JER led to more varied conditions as compared to SRER, in particular for h (e.g., standard deviation of 7.66 and 3.60% at JER and SRER). Wetter surface soils were present at JER as compared to SRER, in response to the above-average precipitation, though average soil temperatures were similar. A higher spatial variability in h as compared to T s resulted in a poorer performance for single plots in representing the flux footprint conditions for soil moisture in these ecosystems. 2. Overall, SRER had a larger evapotranspiration amount (ET 5 116.2 mm) as compared to JER (ET 5 77.1 mm), but a smaller T/ET ratio (59.3 and 68.1% at SRER and JER) after the onset of the monsoon. Thus, while the savanna at SRER used soil water more efficiently than the mixed shrubland at JER (i.e., ET/P 5 55.0 and 21.7% at SRER and JER), a smaller proportion occurred as T, likely due to small rainfall events promoting E. 3. Daily variations in vegetation within the flux footprint were higher at SRER than at JER, due to the presence of a large grass area at SRER and a more random pattern of shrub and bare soil cover at JER. The vegetation composition in the daily flux footprint was found to have an important impact on ET and its partitioning in both ecosystems. For instance, a higher ET and E/ET was found for low mesquite cover in the footprint at SRER, while a higher ET and T/ET occurred for a higher mesquite coverage at JER. As a result, quantifiable linkages exist between the flux footprint vegetation composition and the measured ET and its estimated components. 4. A marked improvement in land-atmosphere relations was found for those methods capturing the spatial variability in the daily flux footprint as compared to the use of a single plot. Improvements were more significant for h as this varied more prominently than T s , and at JER, where the spatial variability in h and T s was larger than at SRER. Overall, turbulent fluxes at SRER were more sensitive to changes in land surface states as compared to JER due to its overall drier conditions and the larger changes in vegetation composition with distinct behaviors.
Characterized by the process of woody plant encroachment, the studied ecosystems represent large expanses of land in the Sonoran and Chihuahuan Deserts used as rangelands. As a result, the study findings are relevant for a 
